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Canonical Wnt signals are
essential for homeostasis
of the intestinal epithelium
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To assess the critical role of Wnt signals in intestinal
crypts, we generated transgenic mice ectopically ex-
pressing Dickkopf1 (Dkk1), a secreted Wnt inhibitor. We
find that epithelial proliferation is greatly reduced coin-
cidentally with the loss of crypts. Although enterocyte
differentiation appears unaffected, secretory cell lineages
are largely absent. Disrupted intestinal homeostasis is
reflected by an absence of nuclear �-catenin, inhibition
of c-myc expression, and subsequent up-regulation of
p21CIP1/WAF1. Thus, our data are the first to establish a
direct requirement for Wnt ligands in driving prolifera-
tion in the intestinal epithelium, and also define an un-
expected role for Wnts in controlling secretory cell dif-
ferentiation.
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Activation of canonical Wnt signaling is initiated by
binding of secreted Wnt glycoproteins to their trans-
membrane coreceptors, the Frizzled proteins (Fz) and the
LDL receptor-related proteins 5 and 6 (LRP5/6; Zorn
2001). The Wnt–Fz–LRP5/6 complex transduces a signal
into the cell, resulting in nuclear accumulation of
�-catenin and subsequent activation of TCF target genes.
Formation of this complex is inhibited specifically and
potently by the secreted protein Dickkopf1 (Dkk1; Ta-
mai et al. 2000; Bafico et al. 2001; Mao et al. 2001; Se-
menov et al. 2001; Andl et al. 2002).
Previous in vivo studies implicate Wnt signals in the

regulation of intestinal stem cell proliferation (Kinzler
and Vogelstein 1996; Bienz and Clevers 2000; Booth et al.
2002). First, proliferative cells at the bottom of the small
intestine (Batlle et al. 2002) and the colon (van de We-
tering et al. 2002) crypts accumulate nuclear �-catenin.
Second, mutations that activate the Wnt/�-catenin path-
way can lead to colorectal cancer in humans (Powell et
al. 1992; Kinzler and Vogelstein 1996; Fodde et al. 2001)
as well as adenomatous polyp formation in the mouse
intestine (Moser et al. 1990; Fodde et al. 1994; Oshima et
al. 1995; Shibata et al. 1997), whereas mutation of Tcf4
leads to the depletion of intestinal proliferative compart-
ments in fetal mice (Korinek et al. 1998). Although these

studies address the function of downstream components
of the Wnt/�-catenin pathway, they do not provide evi-
dence for the requirement of Wnt signals themselves in
the regulation of intestinal proliferation.
Our initial studies indicated that at least four Wnt

genes (i.e., Wnt4, Wnt6, Wnt11, and Wnt14b; D. Pinto,
A. Gregorieff, and H. Clevers, unpubl.) were expressed
specifically in crypts of embryonic and adult small in-
testine. Potential redundancy precluded a direct analysis
of the role of these Wnt genes in crypt biology. We there-
fore adopted a strategy to block all Wnt–Fz–LRP5/6 in-
teractions by targeting expression of the Dkk1 inhibitor
to the proliferative compartments of the mouse intes-
tine. We generated transgenic mouse lines expressing the
murine Dkk1 cDNA under the control of a 9-kb regula-
tory region of the mouse villin gene, which has previ-
ously been shown to direct transgene expression specifi-
cally and efficiently to the epithelial layer of the entire
intestinal crypt–villus unit (Pinto et al. 1999; Janssen et
al. 2002).

Results and Discussion

Three transgenic founders were obtained. Transgene ex-
pression was readily detected in the intestines of all ani-
mals tested (see Supplementary Fig. 1). No gross mor-
phological changes were observed upon histological
analysis of the intestinal epithelia of hemizygous F1
mice. Yet Paneth cells were aberrantly allocated in the
small intestine of all three transgenic lines (see Supple-
mentary Fig. 2A,B). This observation was reminiscent of
the recent finding of our laboratory that the �-catenin
downstream target gene EphB3 is required for the correct
allocation of Paneth cells to the bottom of the crypts
(Batlle et al. 2002). This prompted us to verify whether
Dkk1 expression was affecting Paneth cell allocation
through control of Eph expression. Immunohistochemi-
cal analysis of lysozyme (a Paneth cell marker) and
EphB3 expression performed on serial sections of the
small intestine from transgenic adult animals revealed
that the mispositioned Paneth cells in the midpart of the
crypt were devoid of EphB3 staining. In contrast, Paneth
cells located at normal positions at the crypt base were
EphB3-positive (see Supplementary Fig. 2C,D). These ob-
servations provided formal proof that Paneth cell posi-
tioning in the normal adult intestinal epithelium is
tightly regulated by canonical Wnt signaling, and for the
consequent control over EphB3 expression. Because ly-
sozyme expression was unaffected by Dkk1 transgene
expression, our findings also demonstrate in vivo selec-
tive regulation by Wnts of a �-catenin/Tcf4 downstream
target gene (i.e., EphB3) in a terminally differentiated
epithelial cell type, namely, in Paneth cells.
To increase expression of the transgene, we next gen-

erated homozygous F2 mice. Wild-type and homozygous
littermates were killed at adult stages (1–3 mo) to ensure
analysis of mature intestines exhibiting a definitive
crypt–villus architecture (achieved in the mouse by post-
natal day 28; Gordon and Hermiston 1994). At low mag-
nification, sections of small intestines from Dkk1 homo-
zygous transgenic mice revealed a disorganized and
unpacked mucosa with shortened villi that were signifi-
cantly decreased in number compared with nontrans-
genic samples (Fig. 1A,B). At higher magnification,
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whereas wild-type crypts and villi were seen to alternate
with strict regularity (Fig. 1C), the villi in transgenic
animals appeared shorter and the crypts were drastically
reduced in size and number to a few residual structures
(Fig. 1D). Regionally, the epithelium of transgenic mice
displayed stronger phenotypes with no apparent crypts
(Fig. 1E) and very few residual villi (Fig. 1F). No obvious
alteration in submucosal and muscular layers could be
observed. In situ hybridization revealed that transgene
expression was restricted to the epithelial layer of the
small intestine and coincided with regions of crypt loss
in transgenic mice, whereas no expression was detected
in wild-type littermates (Fig. 1G,H), as expected. Taken
together, these findings showed that ectopic expression
of Dkk1 induces morphological alteration of the intesti-
nal epithelium by affecting crypt integrity.

The absence of crypts suggested that proliferation
could be perturbed in the small intestine of Dkk1 trans-
genic mice. We assessed the proliferative status of the
transgenic mucosa by performing immunohistochemis-
try for the nuclear proliferation marker Ki-67 (Schluter et
al. 1993). In the wild-type epithelium, proliferative cells
were distributed regularly and uniformly in every crypt
(Fig. 2A,C). In contrast, patches of Ki-67-positive crypts
were scattered throughout the transgenic epithelium
with frequent and large unstained areas corresponding to
regions lacking crypts, except for some rare positive cells
in a few residual crypts (Fig. 2B,D). These observations
were confirmed by analysis of 5-bromo-2-deoxyuridine
(BrdU) incorporation (Fig. 2E,F). These results implied
that ectopic expression of Dkk1 induces a failure of crypt
maintenance by inhibition of proliferation. The patchy
loss of crypts probably reflects the previously demon-
strated mosaic expression achieved with the fragment of
the villin gene used in the transgene construct (Pinto et
al. 1999). This could also explain why transgenic animals
with locally disorganized intestinal epithelium can still
survive to adulthood.
The hallmark of activated canonical Wnt signaling is

accumulation of nuclear �-catenin (Batlle et al. 2002; van
de Wetering et al. 2002). As previously described, immu-
nostaining with a �-catenin antibody revealed mem-

Figure 1. Dkk1 ectopic expression deleteriously affects crypt–vil-
lus organization. Representative sections of the small intestine from
wild-type (A,C) and transgenic (B,D–F) adult animals stained with
hematoxylin/eosin. The number and the size of crypts and villi are
drastically reduced in the transgenic mucosa to rare residual crypt-
like structures (arrowheads in D) or few residual villi (arrows in F).
In situ hybridization analysis of small intestine sections from wild-
type (G) and transgenic (H) mice hybridized with a Dkk1 antisense
RNA probe. Note that Dkk1 is only expressed in the transgenic
epithelium. Original magnification: A,B, 2×; C–H, 20×.

Figure 2. Intestinal cell proliferation is inhibited in Dkk1 trans-
genic mice. Immunohistochemical analysis of small intestine sec-
tions from wild-type (A,C) or transgenic (B,D) adult mice stained
with an antibody against proliferating cell antigen Ki-67, and wild-
type (E) or transgenic (F) adult mice labeled with BrdU and stained
with an anti-BrdU antibody. Note that proliferative cells are abun-
dantly present in regularly distributed crypts flanking the villi from
the wild-type intestine (C, inset), but are absent from patchy crypt-
less areas in the transgenic intestine, persisting only in scarce re-
sidual crypts (D, inset). Original magnification: A,B, 2×; C,D, 10×;
insets, 60×; E,F, 20×.
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brane-localized �-catenin along the crypt–villus axis as
well as nuclear �-catenin in cells occupying basal posi-
tions of the crypt in sections of wild-type small intestine
(Fig. 3A). In contrast, in areas of transgenic sections
where crypts were missing, the resulting lining epithe-
lium was devoid of nuclear �-catenin staining (Fig. 3B).
Thus, ectopic expression of Dkk1, indeed, blocked acti-
vation of the Wnt pathway, strongly implying that the
loss of canonical Wnt signaling is responsible for the
observed intestinal phenotype in transgenic mice.
We next asked whether this Dkk1-dependent down-

regulation of nuclear �-catenin affected the expression of
�-catenin target genes. We chose Enc-1 as a crypt marker
and alkaline phosphatase (AP) as a villus marker (van de
Wetering et al. 2002), and examined their expression by
immunohistochemistry. In wild-type small intestine
sections, Enc-1 immunostaining was restricted to the cy-
toplasm of crypt epithelial cells, whereas this staining
was completely absent from transgenic specimens (Fig.
3C,D). For AP, in contrast, membrane immunostaining
was only visible for villus-associated cells of wild-type
animals, whereas both villi and the intervillus epithe-
lium appeared positive in transgenic sections (Fig. 3E,F).

The same pattern was obtained by immunostaining with
another differentiation (villus) marker, FABP-L (liver
fatty acid-binding protein; Simon et al. 1993; data not
shown). These results showed that the surface epithe-
lium replacing the crypts in Dkk-1 transgenic mice dis-
played a differentiated phenotype, thus indicating that
inhibition of proliferation in presumptive crypt regions
by blockade of canonical Wnt signaling promotes termi-
nal differentiation.
The epithelium of the mouse small intestine consists

of four principal cell types: absorptive enterocytes, and
secretory goblet, enteroendocrine, and Paneth cells
(Stappenbeck et al. 1998). Because AP is a differentiation
marker for enterocytes, we investigated the status of the
three other cell types. All three secretory cell types were
absent from affected areas of the small intestine epithe-
lium of transgenic specimens when compared with wild-
type specimens, except for some cells in rare residual
crypts (Fig. 4A–F). Notably, these data established that
the activity of the Wnt/�-catenin pathway is required for
the emergence of secretory cell types in the epithelium
of the small intestine, possibly through regulating the
proliferation of a common secretory lineage progenitor.
Consistent with this idea and based on the knowledge
that this progenitor expresses Math1 (Yang et al. 2001),
we performed immunostaining with an anti-Math1 an-
tibody (Helms and Johnson 1998). We confirmed that
Math1 was expressed in the nucleus of all three secretory
cell types as well as in certain progenitor cells in the
midpart of the crypt in wild-type small intestine sections
(Fig. 4G). In contrast, no Math1 expression was found in
the intestinal epithelium of transgenic animals (Fig. 4H).
We tentatively concluded that the Wnt/�-catenin path-
way is essential for the maintenance of Math1-positive
progenitors for the secretory cell lineage. Nonetheless,
Math1 itself did not appear to be a direct target gene of
Tcf4 in the gut because its expression was maintained
within goblet cells of Tcf4-deficient mice (see Supple-
mentary Fig. 3). Intriguingly, although goblet cells were
absent from Dkk1 transgenic intestines, their differen-
tiation did not seem to be affected in Tcf4-deficient
mice. This suggests that in the fetal gut, an initial wave
of goblet cell differentiation may occur independently of
Tcf4.
To determine by which molecular mechanism loss of

nuclear �-catenin could affect proliferation in the adult
small intestine, we examined the expression of the
�-catenin target gene c-myc and also of the cell cycle
inhibitor p21CIP1/WAF1. Our laboratory recently showed
that in the nucleus of colorectal cancer cells, the forma-
tion of a �-catenin/Tcf4 complex results in the direct
up-regulation of c-myc, which, in turn, represses
p21CIP1/WAF1 by direct promoter binding, thereby allow-
ing cells to proliferate (van de Wetering et al. 2002). In
wild-type small intestine sections, immunohistochemi-
cal detection of c-Myc revealed a nuclear localization
restricted to the progenitor cells of the crypts, whereas
no expression was observed in affected areas of trans-
genic sections (Fig. 5A–D). In wild-type animals,
p21CIP1/WAF1 was found mainly in the nuclei of differen-
tiated cells like Paneth cells and villus-associated cells,
whereas in transgenic specimens the staining was
also detected in the lining epithelium replacing the
crypts (Fig. 5E–H). Taken together, these results demon-
strated that blocking Wnt–Fz–LRP5/6 interactions leads
to repression of c-myc expression and induction of

Figure 3. Nuclear �-catenin and related target genes expression in
transgenic intestinal mucosa. Immunohistochemical analysis of
small intestine sections from wild-type (A,C,E) and transgenic
(B,D,F) adult mice stained with antibodies against �-catenin (A,B),
Enc-1 (C,D), and AP (E,F). Staining of �-catenin shows accumulation
in the nucleus of cells at the crypt base (A and inset), but is absent
from the nucleus of cells of the lining epithelium in the cryptless
regions (B and inset). Staining indicates that Enc-1 cytoplasmic ex-
pression restricted to the crypt cells (C and inset) is completely
absent from the intervillus lining epithelium (D and inset). Staining
reveals that AP expression at the apical domain of the villus-asso-
ciated cells (E and inset) is found in the cells of the lining epithelium
in cryptless areas (F and inset). Original magnification: A–F, 20×;
insets, 60×.
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p21CIP1/WAF1 expression. These in vivo findings confirm
the proposed role for c-Myc in maintaining intestinal
epithelial cells in a proliferative, undifferentiated state,
and a role for p21CIP1/WAF1 as a key mediator of cell cycle
arrest and terminal differentiation in the intestinal epi-
thelium.
Homeostasis of the intestinal epithelium is strongly

dependent on the balance existing among cell prolifera-
tion, cell cycle arrest, cell differentiation, and cell mi-
gration (Simon and Gordon 1995). By targeting expres-
sion of Dkk1, a potent and specific inhibitor of canonical
Wnt signals, we demonstrated that the signaling path-
way is active in adult normal intestinal epithelium and
is required for the formation of normal crypt–villus units
through the regulation of proliferation, cell positioning,
and differentiation. Furthermore, we provide in vivo evi-

dence to substantiate the opposing roles of c-Myc and
p21CIP1/WAF1 in regulating the proliferation-differentia-
tion switch in the intestinal epithelium, as suggested by
previous studies with cultured cells (van de Wetering et
al. 2002). An unexpected finding of our work is the ap-
parent increased requirement of secretory cell progeni-
tors for canonical Wnt signaling compared with entero-
cyte progenitors. In conclusion, our studies attest to the
critical importance of canonical Wnt signals in the ho-
meostasis of the intestinal epithelium.

Materials and methods
Expression vector
The villin-Dkk1 transgenic expression construct was generated by clon-
ing the murine Dkk1 ORF sequence (a kind gift from C. Niehrs, DKFZ,
Heidelberg, Germany) at the initiation codon of the 9-kb regulatory re-
gion of the mouse villin gene (Pinto et al. 1999) using standard tech-
niques. An SV40 termination and polyadenylation cassette was added
downstream.

Generation of Villin-Dkk1 mice
Villin-Dkk1 transgenic mice were generated by microinjection of linear-
ized plasmid into the pronuclei of fertilized eggs of B6CBAF1/JIco mice.
Transgenic mice were identified by Southern blotting and PCR analysis
using tail genomic DNA. Founder mice were bred to C57BL/6 wild-type
mice to produce F1 hemizygous mice, and the littermates were bred to
generate F2 homozygous mice. All mice were maintained at the Central
Laboratory Animal Institute (Utrecht, The Netherlands) according to in-
stitutional guidelines.

Reverse transcription-PCR analysis
Total RNA was isolated with Trizol reagent (Life Technologies), and
reverse transcription and PCR experiments were processed as described
(Pinto et al. 1999). For the transgene amplification, 5�-CAACTTCCTAA
GATCTCC-3� sense primer and 5�-GATCAGAACTGAGTTCAAGG-3�

antisense primer were used, generating a 176-bp product.

Histology, immunohistochemistry, BrdU labeling,
and in situ hybridization
Tissues were fixed in 10% formalin or 4% paraformaldehyde, paraffin-
embedded, and sectioned at 3–6 µm for hematoxylin/eosin staining or

Figure 4. Secretory cell lineage is depleted in Dkk1 transgenic in-
testinal epithelium. Representative sections of the small intestine
from wild-type (A,C,E,G) and transgenic (B,D,F,H) adult animals
stained for representation of secretory cell types: anti-lysozyme an-
tibody (Paneth cells; A,B), periodic acid/Schiff (goblet cells; C,D),
anti-synaptophysin (enteroendocrine cells and nerve fibers; E,F), and
anti-Math1 antibody (all three types and common progenitors;G,H).
Note that all three secretory cell types and their Math1-positive
common progenitors (G, bottom inset) are absent from cryptless
areas of the transgenic epithelium (except in residual crypts). Origi-
nal magnification: A–H, 20×; insets, 40×.

Figure 5. Complementary pattern of expression for c-Myc and
p21CIP1/WAF1 in wild-type and transgenic intestinal epithelium. Rep-
resentative sections of the small intestine from wild-type (A,B,E,F)
and transgenic (C,D,G,H) adult animals stained with an anti-c-myc
antibody (A–D) or an anti-p21CIP1/WAF1 antibody (E–H). The arrows
in B and F indicate Paneth cells displaying a reverse nuclear staining
for c-Myc and p21CIP1/WAF1. The arrowheads in D and H show that
p21CIP1/WAF1 is expressed in the nucleus of the cells lining the in-
tervillus epithelium contrary to c-Myc. Original magnification:
A,C,E,G, 20×; B,D,F,H, 40×.
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immunostaining procedure as described (Batlle et al. 2002). The primary
antibodies used were rabbit anti-lysozyme (1:500; DAKO), goat anti-
EphB3 (1:50; R&D Systems), mouse anti-Ki67 (1:100; Novocastra), mouse
anti-BrdU (1:500; Becton Dickinson), mouse anti-�-catenin (1:50; Trans-
duction Laboratories), mouse anti-Enc1 (1:100; Pharmingen), rabbit anti-
alkaline phosphatase (1:400; BioTrend), rabbit anti-synaptophysin (1:100;
DAKO), rabbit anti-Math1 (1:50; a kind gift from J. Johnson, University
of Texas Southwestern Medical Center, Dallas, TX; Helms and Johnson
1998), rabbit anti-c-myc (1:500; Upstate Biotechnology), and rabbit anti-
p21CIP1/WAF1 (1:500; Pharmingen). The peroxidase-conjugated secondary
antibodies used were Mouse or Rabbit EnVision+ (DAKO). For BrdU la-
beling, mice were injected with 100 µg of BrdU (Sigma) per gram of body
weight and killed after 2 h. For in situ hybridization, Dkk1 antisense
riboprobe was synthesized from the mouse cDNA (a kind gift from C.
Niehrs, DKFZ, Heidelberg, Germany), and the procedure was performed
as described (Moorman et al. 2001).
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